Target jet milling was used for the first time to convert cast iron scraps to powder. An experimental apparatus was designed which comprised a compressor, a mixing section, a nozzle, an impact chamber and two suction machines. Milling parameters i.e. the target to nozzle distance, the feed rate and the impact angle were optimized through appropriate tests. The travel distance of 8 cm and the impact angle of 90°were found to be ideal parameters of milling. The effect of feed rate on production of powders greater than 45 μm was found to be opposite to the production of the fines (b 45 μm). Investigation of the fragmentation procedure of particles revealed that, the existence of graphite flakes in cast iron matrix plays the most important role in particle breakage.
Introduction
Air jet milling, or more commonly fluid energy milling, uses high velocity jets of gas to impart energy to particles for size reduction. The carrier fluid is usually compressed air, but nitrogen is often used in the pharmaceutical industry for its inert properties. In the mineral industry the fluid energy can be provided by steam [1] . Various types of jet mills have been reviewed by Rhodes et al. [2] and Chamayou et al. [1] .
Target plate jet milling is a very common type of jet mill. In this type which is also called fluid impact mill, particles are projected against a fixed target by a jet of gas [1] . The number of references dealing with impact on a fixed target is numerous consisting both empirical researches [3, 4] or numerical modelling studies [5] [6] [7] . The numerical analysis and modelling are based on Discrete Element Method (DEM). Although, DEM is a very popular technique used for a wide variety of applications, it is extremely difficult to truly validate DEM simulations. Attempts to quantitatively validate DEM simulations by comparing with experimental data are often frustrated by uncertainties in terms of the experimental data and the fact that frequently the simulated particles are spheres and the experimental particles are non-spherical [6] .
Many milling parameters have been investigated by various researchers which could be categorized as follows: 1) Design parameters: impact chamber volume which should be big enough to avoid turbulence and determines the capacity of milling [1, 8] ; mixing unit geometry through which the particles disperse into the gas flow [9, 10] and geometry of nozzle which controls the velocity of particles [3, 8, 11] . 2) Processing parameters: the pressure of the carrier fluid which determines the impact energy [12] ; feed rate which defines the concentration of a jet and thus the particles interaction [8, 10] ; the impact angle which is the angle between the jet of particles and the target [12] [13] [14] and finally the target material which its young modulus defines particle disintegration after impact [3, 10] .
In addition to jet mill design and milling conditions, the material properties are of crucial importance i.e. the mechanical properties of the material, its processing condition, the starting size or size distribution and the pre-existing imperfections and flaws in the material [15] [16] [17] . In spite of the crucial importance of material properties, the current understanding of the influence of material properties is very limited. This lack of information is reflected in the disappointing experience that each milling test with a new material has to start from scratch. Today no certain method exists to allow prediction or at least estimation of the milling behaviour of particles based on material properties [18] .
The two most important applications of jet milling are in the pharmaceutical industry and granulation industry. Jet milling is commonly used in the pharmaceutical industry where micronization is used to raise drug activity by increasing the particle specific surface area, or by allowing active substances to reach their site of action by reducing the particle size [11] . In the granulation industry, and during the granulation process, a relatively wide range of granule sizes are produced whereas in most technologies the desired granule size range is rather narrow. The undersized particles are usually recycled to the granulation step while the jet milling of oversized particles is very useful due to the flexibility of the process [19] . In the present work and according to the knowledge of the present authors, jet milling has been used for the first time to convert machining scraps of cast iron to powder. Detailed description of the designed apparatus and the series of experiments through which the milling parameters are optimized as well as the particle breakage mechanism are presented.
Experimental procedure

Grey cast iron scrap
The cast iron scrap investigated in this study was a pearlitic lamellar cast iron obtained during the dry machining of slabs used for making car engine components. The size range of the scraps was within 30 to 12 mesh (600-1700 μm). In order to observe the size reduction through the milling process more precisely, scraps with sizes out of this range were eliminated by means of sieving. Fig. 1 shows an SEM picture of the scraps used.
The experimental apparatus
The experimental apparatus designed for this work is schematically shown in Fig. 2 . The apparatus and the lateral equipment comprise 5 sections:
1. Compressor: An air compressor with the maximum pressure of 0.7 MPa was used to supply high pressure air for jet milling. 2. The air/particle mixing section: The high pressure air from compressor was introduced to the mixing section, and at the same time the scraps were fed vertically in the stream of passing air by means of a vibratory feeder. 3. Nozzle: The type of nozzle which was found to be appropriate for this specific process was a straight nozzle with a particle travel distance of 100 mm to an outlet of 20 mm in diameter. The straight geometry and the relatively large diameter of the outlet orifice were selected due to the shape and size of the original scraps used in this study. 4. Impact (milling) chamber: A steel chamber with the dimensions of 50 × 50 × 50 cm and round corners was made. A target plate was placed in an adjustable frame which could allow the movement of the target in both horizontal and vertical directions. The angle of impact could also be varied from 45°to 90°. The target was a 20 × 20 cm plate made of pearlitic gray cast iron. In order to avoid turbulence in the chamber, and to collect the floating graphite particles separated during milling, a dust suction machine was attached to the chamber. 5. Particle collection and classification: A commercial vacuum cleaner was used to collect the milled particles from the chamber. The size analysis of the particles was done by sieving.
Optimizing the milling parameters
In order to optimize the milling parameters i.e. the target to nozzle distance, the feed rate and the impact angle, a series of tests were conducted. 200 g of scrap was used for each batch of tests. This was found to be an adequate amount for standard sieving procedure. The compressed air pressure was kept constant at 0.6 MPa throughout the tests. In order to obtain more reliable results at least two tests were carried out for every parameter investigated.
Optimization of the nozzle to target distance
In order to optimize the nozzle to target distance, jet milling was performed with 9 different distances at the impact angle of 90°and a feed rate of 40 g/s. The studied distances (from the outlet orifice of the nozzle to the target) were 2, 4, 6, 7, 8, 9, 10, 12 and 16 cm. 
Optimizing the impact angle
Experiments were performed at various impact angles while other test conditions were kept constant, i.e. the optimum nozzle to target distance and the feed rate of 40 g/s. The studied impact angles (angle between the jet of particles and the target plate) were 50°, 60°, 70°, 80°and 90°. Fig. 3 shows the schematic presentation of the change in impact angle.
Optimizing the feed rate
In order to investigate the effect of feed rate on the pulverization of the scraps, various feed rates of 40, 20, 10 and 5 g/s were tested. Other test conditions were kept constant i.e. the optimum nozzle to target distance and the ideal impact angle.
Effect of milling cycles
In order to observe the effect of milling cycles on the rate of size reduction, the amount of 1000 g of scrap was subjected to 5 cycles of jet milling at a feed rate of 40 g/s utilizing the optimized parameters obtained in previous tests.
Characterization methods
Standard sieving procedure according to U.S. Standard [20] was used to determine the size distribution of the original scraps and the produced powders. Scanning electron microscopy (SEM) was used to investigate the shape and size of the particles as well as their fracture surfaces. Quartering technique [21] was used to obtain representative samples for all characterization tests. Fig. 4 shows the effect of the nozzle to target distance on the size reduction of the original scrap after one impact. The vertical axis of the plot in Fig. 4 represents the mass fraction of particles reduced to 60 mesh (b250 μm) after 1 cycle of milling from the original size of the scraps (30 mesh, >600 μm). It is seen that by increasing the travel distance of the particles from 2 to 8 cm there is a gradual increase in the size reduction after which it starts to decrease as the distance exceeds 8 cm. It seems that at the distance of 8 cm the particles are at the maximum velocity on impact while at shorter distances the back splash of the particles from the target hinders the proper impact of all the particles onto the target. The loss of velocity could be the reason behind the decrease in size reduction at the distances greater than 8 cm.
Results and discussion
Effect of the nozzle to target distance
Effect of the impact angle
Fig . 5 shows the effect of the impact angle on the size reduction of scraps. It can be seen that, by increasing the impact angle from 50°to 90°, the pulverization on impact intensifies. The effect of impact angle on particle breakage has been investigated by many authors, however these studies are either concerned with a dilute jet of particles where the particle velocity is independent of the jet concentration at a given gas flow rate [10, 14] or they are of the type of numerical analysis [6, 13] . Besides most of the investigations are based on spherical particles as non-spherical particles show great complexities. In contrast, the cast iron scraps used in this study were not spherical in shape and the jet of compressed air was saturated with particles, making particle to particle collision very important. It was shown above that, the highest impact velocity occurred at a nozzle to target distance of 8 cm. Therefore at the impact angle of 90°all particles traverse the 8 cm distance before impact causing maximum breakage to occur. By decreasing the impact angle and due to the cylindrical path of the particles shown in Fig. 6 , some of the scraps traverse less than 8 cm and some more than 8 cm to reach the target. This deviation from the optimum distance of travel for many particles lowers the overall pulverization effect. It is obvious that by decreasing the angle of incidence from 90°to 50°, deviation becomes more noticeable and less breakage occurs on impact.
Effect of the feed rate
The effect of feed rate on size reduction is shown in Fig. 7 . The behaviour seen in Fig. 7(a) concerning the 60 mesh (b250 μm) particles points to an increase of 13% by decreasing the feed rate from 40 g/s to 5 g/s. The interaction and collision of particles with each other and the wall of the nozzle increase by increasing the feed rate leading to a significant reduction of particles velocity and consequently less breakage of the particles on impact. However Fig. 7(b) shows that the production of fines (b45 μm) goes through a different path, i.e. their production is at maximum when the feed rate increases to 40 g/s. The same phenomenon has been observed by Mebtoul et al. [10] . Considering these observations it can be postulated that in addition to the breakage of the particles due to mechanical shock of impact, attrition mechanism also plays an important role. Production of fines due to attrition can occur in two different ways: 1) Around the contact sites in nozzle which could be either the nozzle wall or points of collision with other particles. This mechanism operates more strongly at higher feed rates. 2) Around the impact sites which are more productive at higher impact velocities i.e. lower feed rates.
It can be postulated from the trend seen in Fig. 7(b) that the production of fines is dominated by the attrition mechanism taking place inside the nozzle. It could be explained by the fact that the contact sites of particles while travelling in nozzle are considerably more in comparison to contacts sites on impact.
Effect of milling cycles on the rate of size reduction
Observations made on the effect of milling cycles on the rate of production of particles with different size distribution are shown in Fig. 8 . It can be seen that repeating the milling process will gradually lead to the production of particles with the desired size and size distribution. In fact, this is a significant advantage of jet milling over the conventional ball milling of cast iron scraps. In jet milling of scraps, the online particle size analysis is possible which helps to pause the process when the required particle size is obtained, i.e. no further reduction and no extra energy consumption.
Production of smaller particles becomes harder as the process continues. The plots in Fig. 9 show this phenomenon in more detail. Plot (a) in Fig. 9 confirms that the first cycle is the most effective one where more than half of the original scraps (54%) are reduced from >600 μm to b250 μm. Repeating the process for a second time there still remains more than 20% of 30 mesh (>600 μm) scraps which indicates that fragmentation has become harder compared to the first step. Finally it took 3 more cycles for the 30 mesh (>600 μm) particles to diminish completely.
Apart from Fig. 9 (f), a levelling off pattern is seen in the rate of size reduction. This could mean that, pre-existing flaws in the microstructure of cast iron scrap plays the most important role in fragmentation of this material under high velocity impact. The smaller the particles, a lesser chance of finding cracks with critical size needed for fracture to take place. Considering this fact, the smaller the particles get, the more they resist fracture. What is interesting in the case of cast iron which makes it distinct from other metal scraps is the type of these flaws. In addition to the common flaws in cast metal scraps, cast iron matrix includes free graphite flakes. Graphite flakes act as internal notches and thus have an unfavourable effect on the tensile strength and elongation at fracture. Cast iron with graphite flakes has a strength range of between 100 MPa and 350 MPa, whereby the elongation at fracture drops from 0.8 to 0.3% as the strength increases. Cast irons with predominantly pearlitic microstructure possess the highest strength and thus are very brittle [22] . Fig. 10 shows the fracture surface of a scrap after one cycle of jet milling. The macro voids marked on Fig. 10(b) , considering the flaky shape and the length are most probably the places where graphite flakes were situated in the pearlitic matrix. The high velocity impact of scraps to the target would cause some of the graphite flakes to separate from the metal matrix and form voids which will either lead to material breakage at the very first impact or weaken the material and lead to breakage on further impacts. Other flaws like tiny cracks might also join these voids and enlarge them. In fact this is mostly because of the various size of graphite flakes and their random distribution in the scrap matrix. That is, particles with a wide range of size distribution are produced by the very first impact. It is also quite noticeable in plots d and h in Fig. 9 that not only do they show a decreasing rate of size reduction, but also the amount of particles produced after 5 cycles of jet milling is rather poor, especially for particles in range of 45-75 μm. This could be explained by the fact that, the graphite flakes in the current material are mostly in the size range of 75-200 μm, thus their contribution towards fragmentation of such particles is minimized.
Analysis of particles collected in the dust suction machine
Particles which were collected in the dust suction machine after 5 cycles of jet milling were analysed and were found to be mostly graphite particles. This means that the floating graphite particles which were separated from the cast iron matrix during the milling process were sucked out. This simultaneous separation of the graphite particles from the powder particles during their production could be of great interest [23] . In addition to graphite particles, a small amount of iron powder was also found in the filter bag. In order to separate these particles from graphite for further analysis, a sample of powders were washed with acetone to remove the graphite. Washing and decanting were continued until the acetone remained clear, after which the iron powder was dried. An SEM photograph of these particles is shown in Fig. 11 . Iron powder particles as small as 74 nm were observed which were probably produced by the chipping of the initial scraps during the first cycle of milling attributed to the original shape of the scraps (Fig. 1 ).
Conclusions
1. It has been shown that jet milling could be used to produce cast iron powder with a wide range of size distribution from its scrap. 2. The nozzle to target distance of 8 cm proved to be the optimum particle travel distance as it provides the highest impact velocity for the particles. Fig. 11 . SEM micrograph of powders collected in dust suction machine after 5 cycles of jet milling. 3. Maximum breakage occurred at an impact angle of 90°corre-sponding to the optimum nozzle to target distance for all traveling particles. 4. The pulverization rate increases with increasing feed rate for particles larger than 45 μm while the rate of production of fines (b45 μm) decreases. 5. Attrition and chipping in nozzle and on impact are the two dominant mechanisms by which production of fines (b45 μm) during jet milling of cast iron scrap take place, with the former having a more pronounced effect. 6. Size reduction becomes harder as the milling continuous due to the loss of the graphite flakes which are the major fracture sites in the first cycles of milling.
